; but these separate constructs can be manipulated independently, Koch & Tsuchiya, 2007) . And most commonly, authors evoke attention to describe the fact that observers perform a task with a specific stimulus (Meuwese, Post, Scholte, & Lamme, 2013; Paffen et al., 2008; Watanabe et al., 2001) .
The role of covert attention (i.e., the focusing of attention on a given location in the absence of eye or head movement) has very rarely been examined directly in perceptual learning. Covert attention allows selective prioritization of information and enhances perceptual processing on a variety of visual tasks. There are two types of spatial covert attention: exogenous attention (reflexive, involuntary, and transient, peaking at about 100 ms and decaying shortly thereafter) and endogenous attention (voluntary and sustained, deploying in ~300 ms; Carrasco, 2011 Carrasco, , 2014 Yantis & Jonides, 1996) .
Here, we provide a protocol to directly test the role of attention in perceptual learning and examine its role on learning acquisition. We chose exogenous attention to disentangle spatial attention from task relevance. Peripheral cues attract exo genous spatial attention to the upcoming stimuli independent of cue validity (Giordano, McElree, & Carrasco, 2009 ) and provide no information with regard to the correct response on the task, thereby allowing us to manipulate and isolate the role of covert exogenous attention in perceptual learning.
To investigate whether exogenous attention enables learning, we first established a training regimen that was insufficient to lead to learning when observers were trained without attention. We trained two groups of observers, one with exogenous attention and the other without it, on an orientation-comparison task, given that perceptual learning for orientation is well characterized (e.g., Dosher & Lu, 2005; Karni & Sagi, 1991; Schoups et al., 2001; Szpiro, Wright, & Carrasco, 2014; Xiao et al., 2008; Zhang et al., 2010) . To isolate the role of attention, we performed the pretest and the posttest under a neutral condition. We hypothesized that training with attention would enable learning. Although evaluating the role of exogenous attention on learning acquisition was the primary focus of this study, we also examined the effects of exogenous attention on generalization across features and tasks.
Method

Observers
Fourteen human observers with normal or corrected-tonormal vision participated in the perceptual learning study (mean age = 20.7 years, SD = 2.66). They were randomly assigned to one of two groups (attention or neutral). This sample size (n = 7) is common for studies of perceptual learning (Ahissar & Hochstein, 1993; Chirimuuta, Burr, & Morrone, 2007; Dosher, Han, & Lu, 2010; Huang & Watanabe, 2012; Paffen et al., 2008; Szpiro, Wright, & Carrasco, 2014) . For the control experiment, a novel group of 11 observers participated (mean age = 23.85, SD = 2.29). All observers were naive to the purpose of the study and had not participated in experiments using the tasks and stimuli used in the present experiments. Observers were paid for their participation. The New York University review board approved the protocol, and observers gave informed consent.
Apparatus, stimuli, and cues
The stimuli and cues were presented on a calibrated 21-in. color monitor (IBM P260) with a resolution of 1,280 × 960 pixels and a refresh rate of 100 Hz. The experiment was programmed in MATLAB Version 7.1 (The MathWorks, Natick, MA) using Psychophysics Toolbox (Version 3.0.8; Brainard, 1997) . Observers were seated in a dark room, 57 cm from the screen; their heads were supported by a chin-and-forehead rest. The screen background was gray (57 cd/m 2 ). On each trial, the stimuli were two Gabor patches (30% contrast), subtending 2° of visual angle and located on the horizontal meridian at 5° eccentricity. One stimulus was the standard stimulus and the other stimulus was the comparison stimulus (see Fig. 1a ). The standard stimulus was equally likely to be on either side of a fixation cross, and the comparison stimulus was on the opposite side. There were two possible standard stimuli: orientation was 30° in the trained stimulus and 300° in the orthogonal or untrained stimulus; spatial frequency (4 cycles/deg) was the same in both standards. The comparison stimulus differed depending on the task. In the orientation-comparison task, the standard stimulus and the comparison stimulus had the same spatial frequency (4 cycles/deg), but the comparison stimulus was rotated slightly clockwise or counterclockwise relative to the standard stimulus. In the spatial-frequency task, the standard stimulus and the comparison stimulus had the same orientation, but the comparison stimulus had a higher or lower spatial frequency than the standard stimulus. The location of the stimuli was constant throughout the experiment; thus, there was no location uncertainty. We used these parameters in a prior study in which a task was learned only by interleaving practice with another task (Szpiro, Wright, & Carrasco, 2014) .
There were two types of cues: neutral and exogenous. The neutral cue consisted of one black dot, just above the fixation cross. The exogenous cues were two black dots that appeared simultaneously, one above the location of each of the upcoming stimuli. There were two exogenous cues because processing of both stimuli was required for the comparison task. Such cues effectively Fig. 1 . Trial sequence and protocol for training and testing. Each trial began with a screen showing a fixation cross (a), followed by either the neutral cue at the center of the screen or two exogenous cues above the locations of the upcoming stimuli. After the cues, there was a brief interstimulus interval (ISI). In the orientation-comparison task, observers had to determine which of the two stimuli was rotated clockwise relative to the other; in the example shown here, the stimulus on the right is rotated clockwise relative to the other. In the spatial-frequency task, observers had to determine which of the two stimuli had more lines; in the example shown here, the stimulus on the left has more lines. Standard stimuli were oriented either at 30° (trained) or at 300° (orthogonal or untrained) relative to vertical. The protocol (b) consisted of a pretest, 3 days of training, and a posttest. Participants were tested on both tasks, with both the trained and the orthogonal (untrained) standard stimuli; the neutral cue was used in all test trials. Participants were trained on the orientation-comparison task only. The neutral group trained with the neutral cue, and the attention group trained with the exogenous cues. direct attention to both locations (Bay & Wyble, 2014; Carmel & Carrasco, 2009 ). All cues were the same size and were uninformative about the task. The neutral cue had the same timing as the exogenous cues to eliminate temporal uncertainty regarding stimulus onset. It has been shown that exogenous attention improves processing relative to a variety of neutral cues (Carrasco, Williams, & Yeshurun, 2002; Talgar, Pelli, & Carrasco, 2004; Yeshurun & Carrasco, 2008) .
Task and procedure
Observers were asked to maintain fixation throughout the trial sequence and to indicate, by pressing a keyboard button, which of the two stimuli (the one on the right or left) was rotated clockwise relative to the other (for the orientation-comparison task) or had higher spatial frequency (for the spatial-frequency task). Note that for these comparison tasks, it was necessary to compare the two stimuli; thus, it is detrimental to fixate at one stimulus and optimal to fixate at the center of the display. Figure 1a illustrates the stimulus sequence. Each trial began with the fixation cross (0.25° × 0.25°, < 4 cd/m 2 ) at the center for 100 ms, followed for 50 ms by either the neutral cue or the two exogenous cues. Then, after a 50-ms interstimulus interval, the two stimuli were presented for 100 ms. Observers then responded using the keyboard; there was no time limit for response. Finally, a 40-ms feedback tone indicated whether the response was correct or incorrect. Accuracy was the main dependent variable; we also analyzed reaction times to rule out any speed-accuracy tradeoffs.
Testing sessions
In addition to assessing learning acquisition for tasks using the trained stimulus, we investigated whether the learning would transfer to another feature (by testing observers in the orientation-comparison task with the stimulus in an orthogonal orientation) and to another task (by testing observers in the spatial-frequency task).
The experiment was completed in 5 consecutive days. All observers completed the same pretest (Day 1) and posttest (Day 5) with neutral cues. They were tested on both the orientation and spatial-frequency tasks, with standard stimuli in both the trained and untrained orientations. The pretest session began with a brief period of practice (about 100 trials) with each of the two tasks. We then manually adjusted the orientation or spatial frequency of the orthogonal stimulus so that the difference between it and the standard stimulus allowed a given observer to achieve about 70% accuracy. The orientation differences ranged between 5° and 12.5° across observers (mean = 9.03°, SD = 2.5°), and the spatial-frequency differences ranged between 0.18 and 0.35 cycles per degree (mean = 0.27, SD = 0.007). There was no significant difference between groups for the orientation differences, t(12) = 1.51, p > .1, or for the spatial-frequency differences, t(12) = 9.49, p > .1. Performance (percentage correct) was measured throughout the sessions for these fixed stimulus differences. The pretest and posttest were identical and consisted of 1,200 trials each; there were 300 trials for each of the four combinations of task type (orientation or spatial frequency) and standard-stimulus type (trained or untrained). The order of tasks and orientations was independently counterbalanced across observers for the pretest and the posttest, and each combination of standard stimulus and task was tested in a separate block.
Training regimens
Training on the orientation-comparison task was performed over 3 consecutive days (Days 2-4) with the 30° standard stimulus. Each training session consisted of 800 trials and lasted about 30 min for each group. Observers were randomly assigned to two groups: 7 observers trained with the two exogenous cues and the other 7 trained with the neutral cue (Fig. 1b) .
Control experiment
In a control experiment, we used the orientationcomparison task to evaluate whether performance differed in a central-neutral-cue condition and a no-cue condition. The procedure was very similar to that in the perceptual-learning study. Observers participated in one session (~40 min) and performed the orientationcomparison task with the two Gabor stimuli oriented at 30°. The central-neutral-cue was identical to the neutral cue in the perceptual-learning experiment. The nocue condition was identical to the central-neutral-cue condition except that a cue did not appear before presentation of the stimuli. As in the perceptual-learning experiment, there was no temporal uncertainty regarding the onset of the Gabor stimuli because all observers received audio feedback after each trial, which served as an indicator of the onset of the following trial. We then manually adjusted the orientation of the orthogonal stimulus so that the difference between it and the standard stimulus allowed a given observer to achieve about 70% accuracy; the orientation differences ranged between 2° and 10° across observers (mean = 5.36°, SD = 2.8°).
To compare performance between the central-neutralcue and the no-cue conditions, we had each observer perform four blocks in each cueing condition; each block consisted of 100 trials, for a total of 400 trials of each of cueing condition. The order of the blocks was random except that a given cueing condition could not repeat more than twice in a row.
Results
First, we established that accuracy in the pretest did not differ between the neutral and attention groups for either task and for either standard stimulus (all ps > .1). Then we examined whether and how the two training procedures affected learning. We conducted a mixed-design analysis of variance (ANOVA) with session (pretest vs. posttest), task (orientation vs. spatial frequency), and stimulus orientation (trained vs. untrained) as withinsubjects repeated factors and group as the betweensubjects factor. To rule out speed-accuracy trade-offs, we analyzed reaction times. They were slightly faster after training but not significantly so, F(1, 12) = 2.81, p = .12, and there were no significant interactions (Fig. 2 , bottom row; all ps > .2). Thus, we proceeded to analyze our main dependent measure-accuracy.
For the accuracy data, there was a significant fourway interaction (Attention Group × Task × Stimulus Orientation × Session), F(1, 12) = 6.54, p = .025, which indicates a significant difference in learning between the two groups. We examined learning for each group separately using repeated measures three-way ANOVAs. For the neutral group, neither the three-way interaction (Task × Stimulus Orientation × Session), F(1, 6) = 1.26, p = .304 (Fig. 2, top right) , nor the two-way interactions for either of the tasks, all F(1, 6)s < 1.94, p > .211, nor the main effects of learning for either the trained or the untrained stimuli in either task, all t(6)s < 1, p > .39, were significant. In contrast, for the attention group, there was a significant three-way interaction (Task × Stimulus Orientation × Session), F(1, 6) = 6.35, p = .045 (Fig. 2, top  left) . To explore this interaction, we examined the learning effects for each task in the attention group.
Attention enables learning in the orientation-comparison task with the trained stimulus
For the attention group (Fig. 2, left) there was a main effect of session for the trained orientation-comparison task, two-way ANOVA, F(1, 6) = 9.935, p = .02, η p 2 = .623, and a significant two-way interaction between session and stimulus orientation, F(1, 6) = 6.43, p = .044, η p 2 = .518. These effects emerged from significant learning for the trained stimulus, t(6) = 3.14, p = .02, Cohen's d = 1.252, but not for the untrained (orthogonal) stimulus, t(6) = 1.59, p = .162. For all 7 observers, when they trained with the attentional cues, learning was better for the trained stimulus than for the untrained stimulus.
To determine the learning rate (Fig. 3) , we calculated for each observer the average improvement in accuracy (relative to the pretest) on the orientation-comparison task when the standard stimulus was the trained stimulus and plotted this improvement across sessions. We then calculated the slope of the best-fitting regression line. For the attention group, we found a significantly positive slope, t(6) = 3.29, p = .016, which indicates that observers' performance in this group improved steadily; in contrast, for the observers in the neutral group, performance was not significantly different from zero, t(6) = 0.6, p = .57. Furthermore, independent-samples one-tailed t tests revealed significant differences between the groups starting from Day 2-Day 2: t(12) = 1.59, p = .07; Day 3: t(12) = 1.97, p = .04; Day 4: t(12) = 2.39, p = .02; Day 5 (posttest): t(12) = 2.12, p = .03. Note that the improved performance in the attention group was maintained during the posttest, when both groups were tested with a neutral cue.
Attention facilitates learning in the untrained spatial-frequency task
For the attention group, we examined whether and how training on the orientation-comparison task influenced performance on the untrained spatial-frequency task (Fig. 2, left) . Evidence of learning also emerged for the untrained spatial-frequency task: There was a main effect of session, F(1, 6) = 12.47, p = .012, η p 2 = .675, and no Stimulus Orientation × Session interaction, F(1, 6) < 1. For all but 1 observer, attention improved performance for the untrained task.
Central-neutral-cue and no-cue conditions do not differ
In the control experiment, we examined whether the central neutral cue might have prevented the processing of the two stimuli by attracting attention to the center. We compared performance in a central-neutral-cue condition with that in a no-cue condition. Paired t tests revealed that performance did not differ significantly between the two conditions-accuracy: t(10) = 0.63, p = .54; reaction time: t(10) = 0.28, p = .78 (Fig. 4) . If anything, for most observers, accuracy was higher in the central-neutral-cue condition than in the no-cue condition. Thus, the central neutral cue was not responsible for the lack of learning in the neutral condition in the perceptual-learning experiment.
Discussion
This is the first study to isolate the effects of exogenous attention on learning acquisition and to disentangle it from task relevance. Attention has been presumed to play a central role in perceptual learning (Ahissar & Hochstein, 1993 Lu et al., 2010; Meuwese et al., 2013; Roelfsema et al., 2010; Shiu & Pashler, 1992; Tsushima & Watanabe, 2009 ), but it has almost always been inferred and rarely operationalized and manipulated.
In this study, we experimentally manipulated attention between groups. In contrast to studies in which the stimuli were defined as attended and unattended stimuli according to task context, we equated all parameters between groups: Stimuli and testing sessions were identical between groups, and the timing between the cues in both groups was identical, thus eliminating the possibility that timing differences could underlie the benefit in the attention group. Both neutral and exogenous cues were task irrelevant and provided no information that could inform task performance, thereby distinguishing attention from task performance and relevance.
Only one previous study has examined the role of exogenous spatial attention on the acquisition stage of perceptual learning: During training, different locations were cued with different exogenous-cue types (attended, divided attention, unattended; Mukai, Bahadur, Kesavabhotla, & Ungerleider, 2011) . Unfortunately, the fact that different cues were manipulated within observers prevented any direct interpretation of the role of attention on learning. Moreover, the effects of different cue types could stem from the transfer of learning across locations brought about by exogenous attention (Carrasco, Baideme, & Giordano, 2009; Donovan, Szpiro, & Carrasco, 2015) . Although endogenous attention has been shown to improve learning for task-relevant perceptual learning (Ito, Westheimer, & Gilbert, 1998; Schoups et al., 2001) and task-irrelevant, exposure-based sensory adaptation (Gutnisky, Hansen, Iliescu, & Dragoi, 2009) , both of these studies found learning for attended and unattended conditions. Moreover, because the effect of attention was tested within subjects, it is hard to distinguish between learning and endogenous-attention facilitation of transfer across locations (Ito et al., 1998) . Relevant to our current findings are the differences between endogenous and exogenous attention in terms of the effort required from the observer, the flexibility versus automaticity, the time course, and the probable different effects on stimuli processing (see reviews by Carrasco, 2011 Carrasco, , 2014 .
In this study, by design, we set the number of training days and trials so that training with a neutral cue would not yield learning. We then trained another group of observers on the same task with exogenous cues. Attention modulated performance and, remarkably, enabled learning. In contrast to studies finding that the effect of endogenous attention decreases with practice (object-based attention: Dosher et al., 2010; dual-task performance: Chirimuuta et al., 2007) , this was not the case in our study. The pronounced difference between observers who trained with neutral cues and those who trained with exogenous cues did not decrease (Fig. 3) . Critically, this attention benefit was maintained during the posttest, when a neutral cue was used for both groups. The learning in the attention group reflects improved visual processing, the ability to compare nearby orientations, rather than an improved ability to attend. Had the improved performance reflected an improved ability to attend, performance improvements would no longer be present during the posttest, in which exogenous cues were no longer present. Furthermore, the brief stimulus presentation precluded deployment of endogenous (voluntary) attention, which takes about 300 ms (e.g., Liu, Stevens, & Carrasco, 2007; Nakayama & Mackeben, 1989) . Moreover, the control experiment in the present study confirmed that a central neutral cue does not attract attention away from target stimuli (Carrasco et al., 2002; Talgar et al., 2004; Yeshurun & Carrasco, 2008) , given that performance in an orientation-comparison task was the same with and without a central cue (Fig. 4) .
Together, these findings show that manipulating attention can dramatically change the learning process. Exogenous attention is a form of covert spatial attention that prioritizes processing at cued spatial locations automatically and involuntarily, even for irrelevant and uninformative cues (Carrasco, 2011 (Carrasco, , 2014 . This resource allocation to upcoming spatial locations by exogenous peripheral cues enhances the signal (Carrasco, 2011) and can improve the processing of several locations simultaneously (Bay & Wyble, 2014; Carmel & Carrasco, 2009) . We speculate that the enhanced signal for the cued stimuli in our study may be learned more effectively than the stimuli without the cues. The possibility that an enhanced signal facilitates perceptual learning is consistent with the finding that attention enhances the signal of the attended stimulus and facilitates memory encoding (Ballesteros, Reales, García, & Carrasco, 2006) . It has been proposed that perceptual learning may be attained only when a certain threshold of sensory stimulation is reached (Seitz & Dinse, 2007; Szpiro, Wright, & Carrasco, 2014) ; exogenous attention may facilitate the sensory stimulation required to attain that threshold. Future studies will further understanding of the underlying mechanism responsible for this attention benefit to visual learning.
Interleaving tasks during training enables learning, but it does not transfer across tasks or features (Szpiro, Wright, & Carrasco, 2014 ). In the current study, attention enabled learning for the trained task and also for the untrained task (i.e., the spatial-frequency comparison), albeit to a lesser degree, which indicates that attention can also facilitate transfer across tasks. However, as in a previous study (Sagi, 2011) , learning did not transfer across features to the orthogonal untrained orientation for the trained task. The current finding of transfer across tasks, but no transfer across features, is consistent with previous findings on perceptual-learning specificity for orientation (Dosher & Lu, 2005; Karni & Sagi, 1991; Schoups et al., 2001; Xiao et al., 2008; Zhang et al., 2010) and may reflect hyperspecificity and overfitting to the trained feature of the trained task (as suggested by Gutinsky et al., 2009; Sagi, 2011) .
We implemented a protocol for testing the interaction of attention and perceptual learning by using a betweensubjects design in which both covert exogenous attention and neutral conditions are isolated during training. This study reveals that directing exogenous attention to the upcoming stimuli using uninformative peripheral cues enables learning and task transfer. Existing perceptuallearning protocols that aid clinical populations (e.g., Das & Huxlin, 2010; Levi & Li, 2009; Polat et al., 2012; Sagi, 2011) can benefit from the present findings by merely presenting a peripheral cue before upcoming stimuli. These cues can speed up learning, and possibly enable it in otherwise ineffective protocols, without additional effort from participants, which makes it especially beneficial for visual rehabilitation.
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